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La Niña event (Nino3 index of -1.2) around the year 1945 ( Fig. 1c) , whereas in the ProgLAI case we see a small El Niño event (Nino3 index of 0.6) around the same time.
The temperature anomalies hide an absolute temperature difference between the two ACCESS-ESM1 simulations; the ProgLAI scenario produces a slightly warmer climate (0.56 K difference in mean land surface air temperature averaged over than the PresLAI run. This is consistent with the difference in surface air temperature found for the pre-industrial 5 simulations (Law et al., 2015, Sec. 4.1) . As noted in Law et al. (2015) the warmer climate can be explained by the difference in LAI, which is generally higher in the prognostic case. This leads to a lower albedo, especially for evergreen needleleaf forests during the winter months in the northern hemisphere, and consequently to an increase in absorbed radiation. The difference in LAI for both scenarios is explored in more detail in section 5.1.2. Compared to the observations the ACCESS-ESM1 runs show a cooler land surface air temperature by about 0.5 K for the ProgLAI scenario and 1.1 K for the PresLAI scenario averaged 10 over 1901-2005. Precipitation anomalies over the land are presented in Fig. 1b . Larger differences in the anomalies for the two ACCESS-ESM1 simulations can be observed around the years 1870 to 1880, where the PresLAI scenario shows a positive anomaly and the ProgLAI scenario shows a mainly negative anomaly. The difference over the remaining time period for the two runs is generally small. ACCESS-ESM1 simulations compare well with observed rainfall anomalies until about 1960 (decadal mean 15 difference smaller than 8 mm yr −1 ), with the exeption of the period 1911-1920 for PresLAI (decadal mean difference of about 12 mm yr −1 ) and the period 1951-1960 for ProgLAI (decadal mean difference of about 17 mm yr −1 ). After that, observed anomalies are mostly higher than the simulation results (decadal mean difference of up to 41 mm yr −1 ), a feature also seen in the ACCESS1.3 historical ensemble (Lewis and Karoly, 2014, Fig. 6a ). The comparison of absolute rainfall for the two ACCESS-ESM1 scenarios suggests a dryer climate (approx. 20 mm yr −1 ) for the ProgLAI run. 20 For precipitation we calculate an MVI of 1.7 (PresLAI) and 1.8 (ProgLAI) for the period 1901-2005, which suggests that the IAV is not well represented in ACCESS-ESM1. However, according to Anav et al. (2013) none of the CMIP5 models had an MVI close to the threshold of 0.5. Also note that for the calculation of the MVI for precipitation we had to exclude 60 land points (mainly coastal points) due to inconsistancies in the regridding.
A reduction in precipitation can be observed following the eruption of major volcanoes for both ACCESS-ESM1 scenarios, 25 apart from the 1903 Santa Maria eruption and the 1982 El Chichón eruption, where the PresLAI scenario does not show a strong anomaly and the ProgLAI anomaly is likely too late to be due to the volcano. As for temperature, the precipitation anomalies lie within or close to the ACCESS1.3 ensemble of anomalies presented by Lewis and Karoly (2014, Fig. 9 ).
Sea surface temperature and mixed layer depth
To assist in the assessment of responses of the ocean NPP and sea-air CO 2 fluxes, the responses of SST and mixed layer depth 30 are first assessed.
The ocean response from ACCESS-ESM1 is compared with the time series of HadiSST v1 (Rayner et al., 2003) in Figure 2 .
Here we see, that there is a warm bias in the early part of the historical period. This warm bias in ACCESS-ESM1 is the same as reported by Bi et al. (2013) over the period 1870-1899 in ACCESS 1.3 (0.26 K). In the period 1870-1970 we see that the warming of the oceans appears to be less climate sensitive than the observations. However, by the end of the historical simulation we notice that ACCESS-ESM1 captures well the observed response of HadiSST in the later period.
However, despite little global bias in the latter period we see that the ACCESS-ESM1 SST response, consistent with AC-CESS 1.3 (Bi et al., 2013) , produces strong spatial differences from observations. Fig. 3 shows clear spatially coherent differences between ACCESS-ESM1 and observations (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) . Some of these regions show a strong summer warming bias 5 (>3 K) in areas such as the high latitude Southern and Pacific Ocean, while in other regions such as the subtropical Atlantic, a strong cooling bias is present during the same season. This is in contrast to other regions, such as the high latitude North
Atlantic, that has a strong year round warming bias. These biases are broadly consistent with known errors associated with the UK Met Office Unified Model (Williams et al., 2015) , which is employed as the atmospheric model in ACCESS-ESM1. Our SST response is also broadly consistent with other ESMs such as HadGEM2 (Martin et al., 2011) that also use the UK Met 10 Office Unified Model.
The magnitude of the interannual variability of simulated SST is of similar magnitude as the observations. In response to large aerosol injections associated with volcanic eruptions, overlain on Fig. 2 , we see that the ocean does capture a net cooling, as expected (e.g. Stenchikov et al., 2009 ) and consistent with observations. Interestingly, the magnitude of the cooling is sometimes less than observed in HadiSST v1 despite the stronger than observed aerosol response in ACCESS-ESM1.
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Ocean mixed layer depths are compared with the observations following de Boyer Montégut et al. (2004) , based on more than 880000 depth profiles from research ships and ARGO profiles, and based on a 0.03 kg m −3 density change from the surface. Significant advances in autonomous measurement platforms have allowed the mixed layer to be increasingly well constrained in all seasons across the global ocean.
Overall we see in the mid and lower latitudes that the mixed layer depth is deeper than observed in all seasons (Figure 4 ). 20 However the very large values likely represent the differences in the positions of fronts between the relatively coarse resolution model relative to the observations rather than very large differences (Lenton et al., 2013) . In the higher latitudes winter mixed layers are well captured by ACCESS-ESM1 ( Figure 4 ). This is encouraging given that many ocean models tend to underestimate winter mixed layer depths (Sallée et al., 2013; Downes et al., 2015) . Simulating winter mixed layers correctly is critical for setting interior ocean properties supplying nutrients to the upper ocean to fuel the biologically active growing season (Rodgers 25 et al., 2014) . However in contrast to the winter, ACCESS-ESM1 appears to systematically underestimate mixed layer depths in the high latitude ocean in summer, 60% (or 30-40 m) in the Southern Ocean, Pacific and Atlantic Oceans. In the Southern Ocean, in particular, the underestimation of summer mixed layer depths is consistent with Sallée et al. (2013) and Huang et al. (2014) who showed that most CMIP5 models underestimate summer mixed layer depths. Huang et al. (2014) attributed this to a lack of vertical mixing in CMIP5 rather than sea surface forcing related to individual models, this is consistent with Downes 4 ACCESS-ESM1 carbon cycle response to historical forcing
The increase in atmospheric CO 2 over the historical period is expected to have a direct impact on both land and ocean carbon fluxes. Additionally there may be indirect impacts from the change in climate caused by the increasing atmospheric CO 2 .
These impacts are explored firstly for land carbon and then for ocean carbon.
Land carbon response 5
The direct impact of increasing atmospheric CO 2 is seen clearly in the simulated global land gross primary production (GPP) ( Fig. 5a) , with increasing GPP for both simulations. The ProgLAI case gives the larger increase, with fluxes for the final 10 years of the simulation being 19% larger than for the first 10 years, compared to an increase of 11% in the PresLAI case. This is due to increasing LAI in the ProgLAI simulation ( Fig. 5b ) compared to the prescribed LAI which is annually repeating with no increase. Thus the PresLAI case captures only the direct CO 2 fertilisation effect of more efficient photosynthesis per leaf 10 area while the ProgLAI case also allows the growing leaf biomass to increase the global total assimilation. The inter-annual variability (IAV) in GPP over the whole historical period for the ProgLAI run is 2.6 PgC yr −1 , considerably larger than in the PresLAI case (1.7 PgC yr −1 ), but within the range of other CMIP5 models. We also notice a large decadal variability of global GPP for the ProgLAI case, which is much weaker in the PresLAI case (1.9 vs. 1.3 PgC yr −1 ). Natural variability of the climate is the main driver for the IAV in GPP for the PresLAI case. The larger variability in the ProgLAI case is due to the 15 stronger response to volcanic cooling and climate, causing an increase in LAI and a positive feedback through increased GPP.
In the PresLAI case, without the LAI feedback, the impact of volcanic cooling is sometimes largely offset by natural climate variability, for example in the Pinatubo (1991) case.
The difference between the two simulations is less obvious for the net ecosystem exchange ( Fig. 5c ). NEE is a relatively small flux that represents the difference between respiration (heterotrophic and autotrophic) and GPP. In the current set up of 20 ACCESS-ESM1 we do not include disturbances such as fire and LULCC, which means that in this case NEE also represents the net flux of carbon from the land to the atmosphere. Both simulations generally produce small land sinks over most of the historical period, with some tendency to an increasing sink from the 1920s, followed by a possible reduction in the sink from the mid 1990s to 2005. The IAV is relatively large and similar for both scenarios (1.4 vs. 1.3 PgC yr −1 ) and likely caused by variations in GPP (Piao et al., 2009; Jung et al., 2011) that are moderated by respiration, especially in the ProgLAI case. Law Larger decadal variability in the ProgLAI run can be explained by the stronger response to volcanic eruptions. In principle, aerosols scatter incoming solar radiation and therefore have a mainly cooling effect. Hence, an increase in aerosol emissions 30 leads to a decrease in global temperature which in turn increases GPP in the tropics and reduces plant respiration globally in both cases (PresLAI and ProgLAI) and therefore increases NEE. However, whereas in the PresLAI case the LAI is kept at a constant level, in the ProgLAI case the LAI is allowed to increase with the leaf carbon pools (Fig. 5b) . This leads to a further increase in GPP at the same time ( Fig. 5a ) which further increases NEE in the ProgLAI case.
Due to the fact that during the control run our net carbon flux did not equilibrate to zero (Law et al., 2015, Sec. 4.2. 2), we calculate the carbon uptake for both scenarios by subtracting the mean net flux over the corresponding part of the control run.
We estimate a total uptake of carbon to the land (using the net ecosystem production (NEP), with NEP = −1 × NEE) over 5 the historical period of 98 PgC for the PresLAI scenario and 137 PgC for the ProgLAI scenario. The increase in biomass over the historical period is 70 PgC for PresLAI and 87 PgC for ProgLAI, (see also Table 2 ). This is similar to results from CMIP5 models that also do not consider LULCC. For, example the Beijing Climate Center Climate System Model (BCC-CSM1.1) estimates an increase in biomass of about 83 PgC over the historical period and the Institute of Numerical Mathematics Coupled Model (INM-CM4.0) reports an increase of about 70 PgC . The increase in combined soil and litter carbon 10 over the historical period is smaller in ACCESS-ESM1 (28 PgC for PresLAI and 49 PgC for ProgLAI) than in the two CMIP5 models without LULCC (64 PgC for both, BCC-CSM1.1 and INM-CM4.0).
We can compare the total carbon uptake (here cumulative NEP) from ACCESS-ESM1 with other models and estimates in two ways:
1. Comparison against land-use emission estimates:
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The observation based cumulative historical land carbon uptake is estimated to be −11 ± 47 PgC (Arora et al., 2011) , which suggests an almost neutral behaviour of the land over that period. Since we do not include disturbances in our model, we do not expect our simulations to match those results. However, we can compare our calculated cumulative uptake against estimates of land-use emissions to see if they are in a similar range. For example, Houghton (2010) reports land-use emissions of 108-188 PgC for 1850-2000, comparable to the ACCESS-ESM1 cumulative uptakes. 20 
Comparison against CMIP5 estimates of cumulative NEP:
Simulation results from CMIP5 ESMs that include LULCC provide a large range for the total carbon uptake. Shao et al. (2013, Table 4 ), for example, reports the separate contributions of NEP and disturbance to cumulative land carbon uptake for eight CMIP5 models. While NEP ranges from 24-1730 (median 387) PgC and disturbance ranges from 3-1729 PgC, the range for land uptake is smaller with two outlying models (-120 and 211 PgC) and the remainder ranging from -59 25 to 18 PgC. The estimates of cumulative NEP from ACCESS-ESM1 are at the low end of the CMIP5 range reported in Shao et al. (2013) , possibly due to the inclusion of nitrogen (N) and phosphorus (P) limitation; Zhang et al. (2013) found a reduction of 1850-2005 NEP from 210 PgC for a carbon-only simulation to 85 PgC with N and P limitation when using CABLE in a low resolution earth system model. Figure 6 shows that, consistent with other CMIP5 models, there is no statistically significant trend of ocean NPP globally over the historical period. The global mean NPP from ACCESS-ESM1 of 51 PgC yr −1 is close to that calculated from the SeaWIFS data of 50 PgC yr −1 for 1998-2005. Furthermore it is also in agreement with estimates, based on observations, of global NPP of between 45-50 PgC yr −1 (Behrenfeld and Falkowski, 1997) . The ACCESS-ESM1 NPP is larger than the median CMIP5 model value of 37 PgC, however NPP in CMIP5 models is associated with a very large range .
Ocean
The evolution of sea-air CO 2 fluxes in the period 1850-2005 is shown in Fig. 7 . Overlain on this plot is the timing of the major volcanic eruptions, the estimated sea-air CO 2 flux from the Global Carbon Project (GCP) (Le Quéré et al., 2015) and results from the CMIP5 model archive. We also take into account the drift over the corresponding part of the control run. Here 5 we see very good agreement with the CMIP5 models in the period 1870-1960, with the ACCESS-ESM1 sitting close to the median of the CMIP5 models, and well within the range of the CMIP5 models. After 1960, ACCESS-ESM1 shows greater uptake than the median of CMIP5 models, and appears to more closely follow the observed value from the GCP, lying at the 10th percentile of the CMIP5 range. For 1960-2005, ACCESS-ESM1 gives a mean sea-air CO 2 flux of 1.8 ± 0.1 PgC yr −1 in good agreement with the estimated GCP value of 1.9 ± 0.3 PgC yr −1 , and larger than the estimate from CMIP5 models 25 and the IPCC in its AR4 report states a global value of 120 PgC for 1995 (Denman et al., 2007) . If compared with other CMIP5 earth system models which were divided into two groups by Anav et al. (2013) , ACCESS-ESM1 lies in the middle of the lower group with the range 106 to 140 PgC yr −1 . It was also noted by Anav et al. (2013) , that the group of CMIP5 models with a GPP above 150 PgC did not include nitrogen limitation and might therefore overestimate GPP. ACCESS-ESM1 contains both nitrogen and phosphorus limitation, which may provide a more realistic simulation of carbon uptake by the terrestrial 30 biosphere.
A number of studies that base their estimates on observations suggest that a global GPP of about 120 PgC yr −1 may be somewhat too low. For example, Welp et al. (2011) (2011) is based on the largest set of observations and also provides a spatial distribution of GPP. In the following, we therefore use this product for the validation of the ACCESS-ESM1 land carbon component. 5 The mean annual cycle of GPP as simulated by the ACCESS-ESM1 is shown in Fig. 8 for both scenarios as Anav et al. (2013, Fig. 8) . Observation based estimates by Jung et al. (2011) are also shown for comparison. At the global scale both ACCESS-ESM1 runs show a similar behaviour and they both overestimate GPP by about 2 PgC month −1 (peak amplitude) if compared with the observations as discussed earlier. However, when we split GPP into its contributions from three latitudinal regions we notice larger differences between the two ACCESS-ESM1 simulations. The ProgLAI simulation shows a much more 10 productive northern region (by about 2 PgC month −1 ) and a lower GPP in the tropics (by about 0.2 PgC month −1 ), which compensated for at the global scale. Overall, both ACCESS-ESM1 simulations show good agreement with the observations in terms of the amplitude, with only a small bias of up to 2.2 PgC month −1 for the globe and the northern hemisphere. In contrast, a large number of CMIP5 models produce a strong positive bias during June-August on a global scale and for the northern hemisphere . Agreement with observations in terms of the phase is generally good, accept for 15 the Tropics, where ACCESS-ESM1 fails to accurately reproduce the phase. However, as noted by Anav et al. (2013) this is common amongst CMIP5 models.
The spatial distribution of GPP is presented in Fig. 9 along with its IAV for the last 20 years of the historical period. Generally there is good agreement in the spatial pattern of GPP between ACCESS-ESM1 with prescribed LAI and the observation based estimate (95 % of all land points have errors smaller than 0.5 kgC m −2 yr −1 ). However, there are some small differences 20 mainly in tropical regions (i.e. central Africa). The ACCESS-ESM1 ProgLAI run shows a larger GPP in the NH, mostly in the boreal regions, and a lower GPP for large parts of South-America (86 % of all land points have errors smaller than 0.5 kgC m −2 yr −1 ). Comparing the IAV of GPP for the two ACCESS-ESM1 runs reveals large differences. Whereas the PresLAI run shows little variability for most areas, the ProgLAI run shows large hotspots in South-America and Southeast Australia of up to 0.5 kgC m −2 yr −1 which are caused by the LAI feedback as discussed previously. The observation based 25 estimate of GPP shows large areas of variability over the continents, but the distribution and magnitude are quite different to the ACCESS-ESM1 runs. However, as pointed out in Anav et al. (2013) one of the limitations of the GPP observational product is the magnitude of the IAV.
LAI
Global LAI estimates are mainly derived from satellite observations and various products are available. The prescribed LAI 30 in ACCESS-ESM1 is based on MODIS observations (Yang et al., 2006) with no IAV. If compared with the observation based estimates of Zhu et al. (2013) , which uses a combination of MODIS and AVHRR data, over the last 20 years of the historical period (mean of 1.4), we notice that our current prescribed LAI is somewhat smaller (mean of 1.3), but agrees well in terms of its seasonal cycle (Fig. 10 ). There is a number of reasons why remote sensing LAI products differ from each other, i.e. because different sensors and algorithms are used (Los et al., 2000) .
The prognostic LAI which is calculated by CASA-CNP is significantly higher at the global scale (mean: 1.7) and also shows a different seasonality with its peak in August, whereas the observations suggest the peak is in July (Fig. 10) . In CABLE the phenology phase is currently prescribed and the leaf onset might be defined as too late for deciduous vegetation which leads to 5 a shift in the LAI peak by about one month.
The global seasonal cycle of LAI is mainly influenced by the northern extra-tropics and we notice that leaf coverage throughout the year and especially in autumn and winter is too high in the ProgLAI case. We clearly overestimate the mean LAI (observations suggest a mean of 1.3) and underestimate the seasonal variability. On a PFT level the main contributor to this is evergreen needle leaf forest which produces a large value (mean 3.8) over the whole year with only a very small seasonal cycle.
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In the tropics we underestimate LAI by a significant amount (mean of 1.5 in comparison to 2.3 as suggested by observations). This is mainly due to C4 grass showing an LAI which is about a factor of 5 smaller than the observations. Law et al. (2015) attributes the low simulated LAI of C4 grass to a large sensitivity to rainfall and the inability of CABLE to grow back C4 grass after a die back.
The overestimation of the LAI for evergreen needle leaf forest and the underestimation for C4 grass have a direct impact on 15 GPP, which is also too large for evergreen needle leaf and too low for C4 grass. In CABLE, the calculation of GPP is related to APAR (absorbed photosynthetic active radiation) which is the product of FPAR (fraction of photosynthetically active radiation ) and PAR (photosynthetically active radiation) with FPAR calculated from the LAI.
At the global scale, most CMIP5 earth system models also tend to overestimate LAI Fig. 11 ), ranging from 1.5 in December-January to almost 3.5 in June-August. Anav et al. (2013) reports that only 2 models captured the main 20 feature of the global LAI pattern, whereas the remaining 16 models overestimate the global LAI with some even exceeding a mean of 2.4. At the regional scale the ACCESS-ESM1 prognostic LAI is within the CMIP5 range for both hemispheres, but below the CMIP5 range for the Tropics.
NEE
We compare our NEE results against estimates of the residual land sink from the global carbon project (GCP) (Le Quéré et al., 25 2015) for 1959-2005 (Fig. 5c ). The mean residual land sink and interannual variability for this period is estimated to be about 1.9±1.0 PgC y −1 compared to 1.4±1.3 PgC y −1 for PresLAI and 1.8±1.6 PgC y −1 for ProgLAI. In all cases the IAV is large relative to the mean uptake, but more so in the ACCESS-ESM1 simulations. The large IAV makes it difficult to be definitive about land uptake trends over this period, though there is some suggestion of slightly increasing uptake in the GCP budget estimates but slightly decreasing uptake in the ACCESS-ESM1 simulations. This might be better assessed using an ensemble 30 of simulations and extending the analysis closer to 2015 through use of the RCP scenario simulations. Simulations without anthropogenic aerosols would also be useful to determine whether the relatively strong cooling due to tropospheric aerosols in ACCESS-ESM1 is impacting the decadal evolution of land carbon uptake.
CNP pool sizes
The amount of carbon, nitrogen and phosphorus stored in the biomass and soil of terrestrial ecosystems as simulated by ACCESS-ESM1 is compared against other estimates from the literature. Here, we refer to the terrestrial biomass as the sum of living above ground (leaf and wood) and below ground (roots) material. All mean pool sizes and spatial distributions derived from ACCESS-ESM1 are calculated over the last 20 years of the historical period (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) . 5 Carbon pool sizes simulated with ACCESS-ESM1 are in general smaller for the PresLAI scenario as shown in Table 2 .
The total carbon in the terrestrial biomass amounts to 670 PgC (PresLAI) and 807 PgC (ProgLAI). The IPCC (Prentice et al., 2001) reports two different estimates of 466 PgC and 654 PgC for the global plant carbon stock, depending on the data being used. This would imply that our plant carbon pools are somewhat to large, especially for the ProgLAI scenario. However, we have to take into account account that we do not consider LULCC, which might be the reason why we overestimate the size The Harmonized World Soil Database (HWSD) also provides a spatial distribution of the SOC density which is shown in Fig.11 along with the results from ACCESS-ESM1. In general there is good agreement between the two ACCESS-ESM1 20 scenarios, showing a similar pattern, but with a slightly larger density in the NH boreal region for the ProgLAI run. The agreement between the HWSD and ACCESS-ESM1 is also generally good. However, the HWSD suggest localized hot spots of high SOC density in North America and Siberia which are not covered by ACCESS-ESM1. We also underestimate SOC in the tropics especially in the maritime continent region. On the other hand, both ACCESS-ESM1 scenarios suggest a high SOC density in the north Asian region, which is not apparent in the HWSD.
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In addition to other environmental constraints such as water, light and temperature, carbon storage by terrestrial ecosystems may also be limited by nutrients, predominantly nitrogen and phosphorus (Wang and Houlton, 2009; Wang et al., 2010; Zhang et al., 2013) . However, few estimates are available of total nitrogen and phosphorus pool sizes and their global spatial distribution is even more uncertain.
Simulated nitrogen pool sizes are shown in Table 2 , and there is only a small difference between the two ACCESS-ESM1 30 scenarios. Our estimate for the nitrogen in the terrestrial biomass is about 6.5 PgN. Estimates based on field data reconstructions range from about 3.5 PgN (Schlesinger, 1997) to 10 PgN (Davidson, 1994) which places the ACCESS-ESM1 results right in the middle of that range. Soil organic nitrogen pools are simulated to be about 85 PgN for both ACCESS-ESM1 scenarios which is slightly low if compared with estimates based on field data (95 PgC (Post et al., 1985) to 140 PgC (Batjes, 1996) ).
The terrestrial phosphorus cycle at present day is even less constrained than the nitrogen cycle and modelling and empirical estimates vary greatly. ACCESS-ESM1 results suggest a total of 0.35 PgP in the terrestrial biosphere which is lower than the estimated range of 0.5 -1 PgP by Smil (2000) . Organic soil phosphorus pool sizes differ to some extent between the two ACCESS-ESM1 scenarios. The PresLAI model run simulates a pool size of about 10 PgP and the ProgLAI model run gives a pool size of about 12 PgP (see Table 2 ). Other estimates range from about 5 PgP to about 200 PgP with the upper end being 5 assessed as unrealistic (Smil, 2000) . Figure 15 shows that, in the period 1986-2005, ACCESS-ESM1 is in good agreement with the spatial pattern and the magnitude of sea-air CO 2 fluxes of Wanninkhof et al. (2013) , hereafter referred to as W13. In the Southern Ocean (44 S-90 S), which is an important net sink of carbon, ACCESS-ESM1 (-0.77 PgC yr −1 ) captures a larger annual mean uptake than the sea-air CO 2 flux of W13 who only estimated an uptake of -0.18 PgC yr −1 . In the Southern subtropical gyres (44 S-18 S) ACCESS-ESM1 (Law et al., 2015) .
The anomaly of the seasonal cycle of the sea-air CO 2 fluxes was assessed against observations of W13 and CMIP5, shown in Fig.16 for the period 1986-2005. Here, we see that ACCESS-ESM1 has a larger global amplitude of sea-air CO 2 fluxes than observed (W13) and simulated, but close to the upper value of the range from CMIP5 models. We also see that globally the phase of sea-air CO 2 fluxes is not well captured in ACCESS-ESM1, lying outside the range of the CMIP5 models. To better 15 understand why there are differences between ACCESS-ESM1, CMIP5 and W13 we separate the response of sea-air CO 2 into the same regions as for NPP, again following Anav et al. (2013) .
ACCESS-ESM1 appears to capture well the phase of sea-air CO 2 fluxes in the subtropical gyres. In the northern subtropical gyre in particular, we see that the amplitude and phase of the seasonal cycle in ACCESS-ESM1 shows very good agreement with W13, in contrast with other ESMs (CMIP5). In the southern subtropical gyres, while the ACCESS-ESM1 appears to 20 overestimate the amplitude relative to the observations, we see very good agreement with CMIP5 models. As anticipated the tropical ocean shows very little seasonality, nevertheless we do see good agreement with CMIP5 models. However, the comparison of ACCESS-ESM1 against observations (while shown) is not very meaningful as W13 is based on values of oceanic pCO 2 from Takahashi et al. (2009) , which does not include El Niño years.
The largest differences are seen in the representation of sea-air CO 2 fluxes in the high latitude ocean. In the high latitude 25 northern hemisphere, we see that the magnitude is larger than either CMIP5 or W13 and shows poor phasing. While the magnitude of the seasonal cycle in the Southern Ocean lies within the upper range of CMIP5 again poor phasing is seen.
That the seasonal cycle is out of phase suggests that during the summer the solubility response likely dominates over the NPP response, leading to an out-gassing in the summer and uptake in the winter, as discussed in Lenton et al. (2013) . Consequently, we see that the poor global phasing in global sea-air CO 2 fluxes is likely due to the solubility dominated response of the high 30 latitudes during the summer.
Anthropogenic inventory
The global inventory of anthropogenic carbon from ACCESS-ESM1 is compared with the uptake from GLODAP (Sabine et al., 2004) for the year 1994 in Fig. 17 . Here we see that the spatial pattern of the column inventory of anthropogenic carbon is very well reproduced, with the large storage occurring in the North Atlantic and large uptake in the Southern Ocean. The inventory for the period 1850-1994 in ACCESS-ESM1 is 132 PgC, which is close to the estimated value from GLODAP of 118±19 PgC 5 (Sabine et al., 2004) over the same domain. This suggests that despite a somewhat limited representation of the seasonal cycle of sea-air CO 2 fluxes in key regions of anthropogenic uptake such as the Southern Ocean, that ACCESS-ESM1 is doing a very good job, spatially and temporally, of capturing and storing anthropogenic carbon. If the entire domain (including the Arctic Ocean) the is integrated the anthropogenic uptake is 143 PgC over the same period.
Atmospheric CO 2 10
The land and ocean carbon fluxes have been put into two atmospheric tracers as described in Law et al. (2015, Sec. 2.4 ).
These tracers have no impact on the model simulation but allow the atmospheric CO 2 distribution to be assessed. A reasonable simulation of known features of atmospheric CO 2 can increase our confidence in the simulated carbon fluxes. For example the seasonal cycle of atmospheric CO 2 is strongly driven by the seasonality in land carbon fluxes. Therefore, our simulated seasonality can be realistically compared to present day atmospheric CO 2 observations.
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The seasonal cycle of atmospheric CO 2 is shown for four locations at different latitudes (Fig. 18, note As observed, the amplitude of the seasonal cycle decreases from north to south. At Alert (82 • N, Fig.18(a) ) both model simulations overestimate the seasonal amplitude by up to 6 ppm with the growing season starting earlier than currently observed.
The ocean carbon fluxes contribute little to seasonality at this latitude. At Mace Head (53 • N, Fig.18(b) ) the simulated seasonal cycle is comparable to that observed with only a small difference in the seasonal amplitude (smaller than 2 ppm), while at 25 Mauna Loa (20 • N, Fig.18(c) ) the ProgLAI case better represents the observed seasonality than the PresLAI case.
Seasonal cycles in the southern hemisphere (e.g. South Pole) are more challenging to simulate correctly as they are made up of roughly equal contributions from local land fluxes, northern hemisphere land fluxes and ocean fluxes. Figure18(d) shows for the PresLAI case that the simulated seasonality from the land carbon fluxes is shifted in phase when the ocean carbon contribution is included but the phase shift is away from the observed seasonality. This phase shift is not apparent for the case 30 with ProgLAI.
The evaluation of ACCESS-ESM1 over the historical period is an essential step before using the model to predict future uptake of carbon by land and oceans. Here, we performed two different scenarios for the evaluation of the land carbon cycle: running ACCESS-ESM1 with a prescribed LAI and a prognostic LAI. Running with a prognostic LAI is our preferred choice, since this includes the vegetation feedback through the coupling between LAI and the leaf carbon pool. However, results have shown that 5 we overestimate the amplitude of the prognostic LAI annual cycle in the northern and southern hemisphere and underestimate it in the tropics. In future versions we need to improve the performance of the prognostic LAI, particularly for evergreen needle leaf and C4 grass.
ACCESS-ESM1 shows a strong cooling response to anthropogenic aerosols, which is offsetting the warming due to increases in greenhouse gases. The aerosol radiative forcing over the historical period is much stronger than the IPCC best estimate, but 10 still within the uncertainty range. The impact of the cooling due to anthropogenic aerosols in ACCESS-ESM1 needs to be quantified in future work.
The land carbon uptake over the historical period is about 40 % larger for the run with prognostic LAI in comparison to the run with prescribed LAI. This is mainly due to the stronger response to volcanic eruptions which increases GPP in the tropics and reduces plant respiration globally, therefore increases NEE.
Globally integrated sea-air CO 2 fluxes are well captured and we reproduce very well the cumulative uptake estimate from the Global Carbon Project (Le Quéré et al., 2015) and our anthropogenic uptake agrees very well with observed GLODAP value of Sabine et al. (2004) . The spatial distribution of sea-air CO 2 fluxes is also well reproduced by CMIP5 models and observations. At the same time global ocean NPP also shows good agreement with observations and lies well within the range of CMIP5 models. However, seasonal biases do exist in sea-air CO 2 fluxes and NPP, potentially related to biases in mixed 20 layer depth and surface temperature that are present in ACCESS-ESM1; and will need to be addressed in later versions of ACCESS-ESM1.
Simulated carbon pool sizes are generally within the range of estimates provided in the literature. Simulated soil organic carbon has been compared against the Harmonized World Soil Database, finding very good agreement in the spatial distribution and the total size. Nitrogen and phosphorus limitation were active in our simulations and pool sizes seem reasonable if com-25 pared with other estimates. However, nitrogen and phosphorus cycles are poorly constrained and only a few global estimates exist with large uncertainties.
ACCESS-ESM1 has the capability of putting land and ocean carbon fluxes into tracers, which provides a way of assessing simulated atmospheric CO 2 concentrations. The simulated seasonal cycle is close to the observed, but we overestimate the amplitude in the high northern latitude by up to 6 ppm and we also notice small phase shifts.
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Overall, land and ocean carbon modules provide realistic simulations of land and ocean carbon exchange, suggesting that ACCESS-ESM1 is a valuable tool to explore the change in land and oceanic uptake in the future.
Code availability
Code availability varies for different components of ACCESS-ESM1. The UM is licensed by the UK Met Office and is not freely available. CABLE2 is available from https://trac.nci.org.au/svn/cable/. See https://trac.nci.org.au/trac/cable/wiki/ CableRegistration for information on registering to use the CABLE repository. MOM4p1 and CICE are freely available under applicable registration or copyright conditions. For MOM4p1 see http://data1.gfdl.noaa.gov/~arl/pubrel/r/mom4p1/src/ (Information is available at http://ferret.pmel.noaa.gov/Ferret/). We acknowledge the World Climate Research Programme's Working Group on Coupled Modelling, which is responsible for CMIP, and we thank the climate modelling groups (listed in Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. B., Tignor, M., and Miller, H. L., Cambridge University Press, Cambridge, UK and New York, NY, 2007. Dix, M., Vohralik, P., Bi, D., Rashid, H., Marsland, S., O'Farrell, S., Uotila, P., Hirst, T., Kowalczyk, E., Sullivan, A., Yan, H., Franklin, C., Sun, Z., Watterson, I., Collier, M., Noonan, J., Rotstayn, L., Stevens, L., Uhe, P., and Puri, K.: The ACCESS coupled model: documentation of core CMIP5 simulations and initial results, Aus. Meteor. Oceanogr. J., 63, 83-99, 2013.
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